The systematic determination of trace-element concentrations in honey samples was done by the PIXE method using a 2 MeV proton beam and by the total reflection XRF method. The different kinds of honey samples were collected in the period of spring-summer in three places of Poland: in the centre of Warsaw (a highly polluted region) and about 100 km east of Warsaw and 70 km southwest of Warsaw (as regions free from industrial and transport pollution). The measured samples have shown that the concentrations of trace elements are similar in the honey samples from these places. Ó
Introduction
The use of PIXE and XRF techniques as an analytical tool for rapid and reliable elemental analysis of biological material has a history of several decades [1, 2] . These techniques are used primarily for the determination of trace-element concentrations in different biological samples. Such information is very important for understanding various mechanisms of elemental transport in normal or diseased biological systems. A wide variety of biological materials are used often as bioindicators to study the contamination of agricultural products, ground and air. Biological samples (like plant tissues) are widely studied by the PIXE method to determine possible additional trace-element concentrations due to migration from mineral deposits present underground [3] . Also, the geobotanic method, where certain plant species are used as indicators of specific type of mineralisation (ore deposits), is known in the literature and in geological practice [4] . Analogously, the land mammals, birds, fish and insects may be used directly or indirectly to indicate mineralisation [3] . The analysis of fish, birds or insects samples (or their products) can be effective if the species are confined to a fairly small area. This condition is fulfilled for bees and their products. In www.elsevier.com/locate/nimb the case of bees as prospectors, it was suggested by Makarochkin and Yudenich [5] that the composition of honey may indicate the elemental content of the soil in which the nectar or dew producing plant species grew originally. There appears to be no reason why honey should not be used as an indicator in mineral prospecting. Bees usually forage 1-2 km away from the hive and the honey that they produce is therefore characteristic of the local environment (few km 2 ). The main aim of this work was to compare the capability of the PIXE and XRF methods, for relative and quantitative measurements of honey samples, to test if honey may be used as a bioindicator of ground or air pollution, and to determine if the honey is polluted by lead.
Honey (according to the Encyclopaedia Britannica [6] ) is a sweet, viscous liquid food, dark golden in colour, produced by bees from the nectar of flowers and plant honeydew. Honey contains water (13-20%), two chief sugars: fructose (40-50%) and glucose (32-37%), small amounts of sucrose (< 2%) and mineral constituents (ash less than 0.1%). Honey also contains numerous enzymes, vitamins in small amounts, free acids, various plant coloring materials and trace elements (Fe, Cu, Zn, Sn, etc.). Honey is one of the most easily assimilated foods. It was almost the only source of sugar available to the ancients and was valued for its medicinal benefits. In Egypt it was employed as an embalming material. In many countries it was and still is used to preserve fruit and to make different kinds of cakes, sweetmeats and also alcoholic drinks. Honey is mentioned in the Bible and Koran and in Greek mythology, nectar was treated as the drink of the gods. So honey is a natural product derived from plants and elaborated by the honeybees. It is of great importance and high merit for humans. The literature on honey and bee-keeping is extensive and published by chemical, agricultural, etc. journals.
Experimental procedure
Standard PIXE and total reflection X-ray fluorescence (TXRF) measurements were carried out.
No special honey sample preparation was used in order to avoid contamination during sample preparation. The honey samples were taken from beehives located almost in the centre of Warsaw (a highly polluted region) and from beehives located about 100 km east of Warsaw and 70 km southwest of Warsaw (a pollution free regions). Different kinds of honey collected in the period spring-summer (1998-1999) were analysed. All necessary precautions have been taken regarding sampling and storage of the honey material. Most of the honey was taken directly from the honeycomb and stored in a clean glass jar without contacting a metallic machine known as a honey extractor.
The PIXE and XRF measurements were performed at the Van de Graaff accelerator at the Nuclear Reaction Department of the Soltan Institute for Nuclear Studies in Warsaw and at the Holycross Cancer Centre in Kielce, respectively.
Samples of honey were prepared by the same procedure for analyses by both PIXE and XRF. The simplest but suitable and useful preparation procedure was used and meets the requirement for preparation of a large number of honey samples. The recipe used is as follows: 2 cm 3 of distilled and deionised water and 0.1-0.2 g water solution of 1000 ppm YðNO 3 Þ 2 as an internal standard were added to 5 g of honey (yttrium concentration in the sample should be about 10-20 ppm; distilled water and water solution of YðNO 3 Þ 2 were produced by Merck [7] ). After careful mixing in a closed glass vessel, about 2-3 mg of solution were dropped onto Mylar backing (0:4 mg=cm 2 ) or onto MOXTEK AP1 thin polymer support (25 lg=cm 2 ) [8] for PIXE analysis and 50 lg of solution were placed onto a Synsil reflector for TXRF analysis and it was dried in 60-70°C in an infrared lamp.
For the PIXE method, honey samples were placed into a target chamber and irradiated using a 2 MeV proton beam with a diameter of 4 mm. Targets of honey samples were mounted on an aluminium holder, which can hold about 9 samples at once in the target chamber. A beam current of 5-9 nA was used to reduce the target instability and charging effect under beam irradiation of the thick biological samples [9] . The collected charge was measured by current integration in the electrically insulated target chamber, which acted as a Faraday cup. The exposure beam charges ranged from 50 to 280 lC. In front of the samples a thin carbon foil (40 lg=cm 2 ) was placed to make the beam more homogenous by multiple scattering and to eliminate charge build-up on the surface of the sample [10] . The characteristic X-rays were detected outside the chamber by an Si(Li) detector (170 eV FWHM at 6.4 keV from Canberra) placed at 90°with respect to the incident proton beam in a geometry fixed by a nylon adapter attached to the side of the chamber. A slot in the nylon adapter allowed interposition of a suitable filter from outside the chamber. The efficiency of the Si(Li) detector was measured by combining two methods. For soft X-rays the PIXE method was used for measuring X-ray yields from thin calibrating targets of light elements (Z ¼ 13-29) bombarded by 2.0 MeV 4 He ions assuming the ''reference'' cross-section data [11] . For higher energy of X-rays (above 6 keV), calibrating X-ray sources of 57 Co, 133 Ba, 152 Eu and 241 Am were used. The measured efficiency of Si(Li) detector was interpolated according to the procedure described in detail by Pajek et al. [12] .
For the TXRF method, well-collimated photon beam (vertical 50 lm and horizontal 10 mm) was directed at a small angle onto, a so-called, cut-off quartz reflector which assure beam monochromatisation. Photons reflected from a quartz reflector excited the characteristic X-rays in the analysed sample deposited typically onto Synsil backing tilted at a small angle to assure the total reflection condition [13] . The total reflection XRF experimental system was equipped with a Siemens Kristalloflex 710H X-ray generator, 3 kW X-ray tube working at stabilised high voltage of 20-55 kV with electron current of 5-60 mA. The molybdenum anode of the X-ray tube was acceptable for analysis of most elements between Al and U in different types of analysed materials. X-rays emitted from the analysed sample were detected by an X-ray Si(Li) detector placed close to the sample at a distance of few mm to achieve good detection efficiency.
Results and discussion
Using the PIXE and TXRF methods, relative and quantitative measurements were performed to obtain elemental concentrations in different kinds of honey samples. In both methods the same Si(Li) spectrometer and data acquisition system were used. Fig. 1 illustrates the spectra of honey samples from a multiflower honey obtained by the PIXE and TXRF methods. In both methods, the measured concentrations were normalised to the internal standard of yttrium concentration. Elemental peaks of Cl, K, Ca, Cr, Mn, Fe, Cu and Zn were clearly detected. Besides these elements in honey samples deposited on the MOXTEK AP1 ultrathin film, Br and Rb were also detected by the PIXE method where in this region of atomic number the minimum detectable concentration is better in comparison to the TXRF method [14] . For the PIXE method, the ''reference'' crosssections for K-shell ionisation induced by protons and published by Paul and Sacher [11] were adopted in the quantitative recalculation procedure. Part of the material about the concentration of trace elements in some honey samples is presented in Table 1 and graphically in Fig. 2 . In the treatment of the data, the elemental concentrations were extracted as total intensities of the Ka X-ray lines and corrected for the contribution coming from the backing films (for PIXE), for the detector efficiency, and for the absorption of the X-rays on their way from the sample to the detector.
The elemental concentration uncertainties include systematic errors of ''reference'' cross-sections for K-shell ionisation induced by protons (5-10%, for PIXE), error of yttrium internal standard concentration (2-5%), detector efficiency (5-9%), X-ray absorption in the target and on the way from sample to the detector (3-12%). These contributions were quadratically added to the standard deviations of statistical errors (2-20%), so the final uncertainties of the trace-element concentrations in honey samples given in Table 1 are not purely statistical in their character. For most of the honey samples the determination of trace-element concentrations was done 2-3 times for each honey type for the PIXE as well as for the TXRF methods.
The errors in the PIXE measurements were estimated to be between 15% and 35% (for few cases even more than 40%) and the average error of TXRF measurements was less than 15% for K and Ca. In the present work, some advantage was found for the total reflection XRF method for light elements region (K, Ca, Cr) and for PIXE for heavier elements (Fe, Zn, etc.). The TXRF method does not require an expensive accelerator and also the thin-target preparation is more simple. For the PIXE method the sample preparation takes a somewhat longer time, and also the measurement time is longer. By optimising the irradiation conditions in the PIXE method to measure certain elements and applying a special sample preparation (such as honey ashing after liofilisation in an oxygen oven) [15] lower detection limits can be obtained. In this case the sample preparation is more complicated and the sample contamination can increase.
It is seen from Table 1 and Fig. 2 that the TXRF and PIXE values agree in general within the experimental errors. The honey samples (Nos. 8-13) analysed by both TXRF and PIXE indicate large deviations for same elements (e.g. K and Ca). This is probably due to nonuniformity of the relatively thick honey samples (few mg=cm 2 ) in PIXE method which leads to errors in correction of soft X-ray absorption in target, however this problem still remains unsolved. The Fe and Zn concentrations are relatively high compared to other elements such as Mn, Cu and Br in all the analysed samples. The relatively high concentration of Zn one can explain that its origin comes from the metal extractor, commonly made of zinc coated sheets. The comparisons of the Zn content (Table  1) in honey samples taken from honeycomb using the metal extractor (10.4-15.4 ppm) and without the metal extractor (2.0-6.7 ppm) suggest that Zn contamination is descended from the extractor (honey contain free acids). From the other hand we have not observed the same correlation for Fe contamination. Mn, Fe, Cu and Zn show a regular behaviour for most of the honey samples and the concentration shows a remarkable agreement between the PIXE and TXRF values. For all measured honey samples from polluted as well as unpolluted regions the Pb content is always below the minimum detectable limit (MDL). (Table 1 , honey No. 10). In both spectra yttrium peak is from the internal standard. 
Values in parentheses are the errors in percentage and include the systematic (see text) and statistical errors. a Honey samples taken from the honeycomb using metallic ''honey extractor''. b As backing Mylar foil was used. c As backing MOXTEK AP1 foil was used.
For the PIXE method significantly better detection limit is obtained, when analysing a honey sample deposited on a polymer support MOX-TEK AP1. This film is very strong, the level of contamination is low in comparison to Mylar support film. Because AP1 film is ultrathin, background can be significantly reduced in some regions (up to about 50%), ultimately resulting in lower detection limits. According to the MOX-TEK catalogue [8] and our measurements, AP1 film impurity levels are less then those found in Mylar film previously used by us as a backing film for honey samples.
Conclusions
On the basis of PIXE and TXRF measurements of several dozens of honey samples one can point out that the honey collected in the centre of Warsaw (beehives were located 80 m from a heavy traffic street) and in a nonpolluted region have similar elemental composition and the conclusions are:
1. honey is not useful as a bioindicator of air or ground pollution; and 2. plants and bees probably purify the products from which the honey is produced.
Also the content of lead, which was also the subject of our studies in the two kinds of honey samples, was below the detection limit in both applied methods. The honey, which was in contact with a metallic honey extractor, indicates increased values of Zn. Some advantage was found for the total reflection XRF method for light elements region (K, Ca) and for PIXE for heavier elements (Fe, Zn) but the XRF method does not require an expensive accelerator. Also for PIXE method better detection limits are obtained, when honey samples are deposited on a polymer support MOXTEK AP1.
The analysis of the honey samples indicates that the presence of the heavy metals like Cu, Zn and Pb is below the limit for the honey standard prescribed by the Polish Committee for Standardisation (presented in the last row of Table 1 ) and is also in accordance with the European standards. Table 1 ).
